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(57) ABSTRACT 

A novel thermoelectric cooler array and method of making 
the same are disclosed. The thermoelectric cooler array is a 
multistage thermoelectric cooler Which provides a cascaded 
con?guration for providing heat transfer from a cold sink to 
a heat sink. The multistage con?guration provides for much 
higher heat transfer range and further provides bene?t of 
thermoelectric cooling integrated With active electronic or 
optoelectronic components. The method of manufacturing 
the thermoelectric cooling array provides for n-type and 
p-type thermoelectric material substrates to be selectively 
bonded and sliced to create the desired stages of the multi 
stage thermoelectric cooler. 
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THERMOELECTRIC COOLER ARRAY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application is a continuation-in-part of 
and claims the bene?t under 35 U.S.C. §120 of copending 
US. patent application Ser. No. 09/950,909 ?led on Sep. 12, 
2001 entitled “Thin Films and Production Methods 
Thereof,” Which is herein incorporated by reference. 

TECHNICAL FIELD 

[0002] The present invention relates generally to thermo 
electric coolers, and more particularly, to a thermoelectric 
cooler array for microelectronic and optoelectronic compo 
nents. 

BACKGROUND ART 

[0003] Microelectronic and optoelectronic devices, as 
Well as most integrated circuit devices, operate faster at 
sub-ambient temperatures. For example; the performance of 
an integrated circuit device typically improves by approxi 
mately 50% When the operating temperature is —50° C. 
instead of ambient room temperature. Similar scale 
improvements in performance can be seen in interconnects 
betWeen components on the integrated circuit device. There 
fore, microelectronic and optoelectronic devices, and almost 
every other integrated circuit device can bene?t signi?cantly 
in performance When cooled to sub-ambient temperatures. 

[0004] Thermoelectric cooling systems are analogous to 
conventional refrigeration cooling systems. For example, a 
conventional cooling system includes an evaporator, a com 
pressor, and a condenser. In the evaporator or cold section, 
pressuriZed refrigerant is alloWed to expand, boil, and 
evaporate. During the change of state from a liquid to a gas, 
energy in the form of heat is absorbed. In the next step, the 
compressor re-compresses the gas into a liquid. Further, the 
condenser expels the heat absorbed at the evaporator and the 
extra heat added by the compressor to the ambient environ 
ment. 

[0005] A thermoelectric cooling system has similar sub 
assemblies. Ef?cient and cost-effective thermoelectric cool 
ing is especially useful for improving the stability, resolution 
and speed in a variety of applications. PoWerful and compact 
thermoelectric cooling can improve the performance of 
microprocessors, infrared detector, laser diodes, charge 
coupled devices, and the like. Portable refrigeration, thermal 
cyclers, and other temperature management tools are also 
available. 

[0006] Thermoelectric cooling is the abstraction of heat 
from electronic components by Peltier effect, made possible 
With the use of certain solid-state thermoelectric materials 
such as lead telluride (PbTe) or bismuth telluride (Bi2Te3). 
The Peltier effect is a phenomenon Whereby heat is liberated 
or absorbed at a junction When current passes from one 
metal to another. In this application, a cold junction (the 
place Where the heat source or load is located) is de?ned as 
the assembly Where energy in the form of heat is absorbed 
When current passes from one metal to another. A hot 
junction (the place Where the heat sink is located) is the 
assembly Which thermally communicates With a heat 
exchanger and through Which the heat that is liberated, When 

Dec. 16, 2004 

current passes from one metal to another, is transferred to the 
ambient environment. Devices using this effect, e.g. frigis 
tors, are used for automatic temperature control, and the like 
and are energiZed by direct current (“DC”) thermoelectric 
materials, that is, any set of materials (metals) Which con 
stitute a thermoelectric system. 

[0007] HoWever, there is a performance limit for thermo 
electric materials. A one-stage thermoelectric cooler can 
provide, at most, approximately 70° K maximum tempera 
ture difference, if one end remains at ambient temperature. 
Multistage (or cascaded) thermoelectric coolers can be used 
to obtain larger temperature differences. HoWever, the siZe 
and cost of multistage thermoelectric cooling has been 
prohibitive for all but the most demanding applications. 

[0008] Therefore, there is a need for a cost-effective 
multistage thermoelectric cooling system Which can build 
upon the one-stage thermoelectric cooling devices using the 
Peltier effect. 

SUMMARY OF THE INVENTION 

[0009] The above-discussed and other problems and de? 
ciencies of the prior art are overcome or alleviated, and the 
objects of the invention are attained, by the several methods 
and apparatus of the present invention. 

[0010] In one aspect, the invention is a thermoelectric 
cooler comprising: a multistage thermoelectric cooler, each 
stage of said multistage cooler arranged With a Peltier device 
interposed betWeen an intermediate heat sink and an inter 
mediate cold sink, said Peltier device con?gured to exhibit 
a voltage drop. 

[0011] In another aspect, the invention is a method of 
manufacturing a multistage thermoelectric cooler, said 
method comprising the steps of: creating an n-type thermo 
electric substrate; creating a p-type thermoelectric substrate; 
selectively bonding said n-type thermoelectric substrate 
With said p-type thermoelectric substrate horiZontally; and 
slicing vertically said bonded substrate. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The foregoing summary as Well as the folloWing 
detailed description of preferred embodiments of the inven 
tion, Will be better understood When read in conjunction With 
the appended draWings. For the purpose of illustrating the 
invention, there is shoWn in the draWings embodiments 
Which are presently preferred. It should be understood, 
hoWever, that the invention is not limited to the precise 
arrangements and instrumentalities shoWn. In the draWings, 
Wherein: 

[0013] FIG. 1 is a schematic cross-section diagram of a 
selectively bonded multi layer substrate in accordance With 
the principles of the invention; 

[0014] FIG. 2 is a schematic cross-section diagram of a 
selectively bonded multi layer substrate in accordance With 
the principles of the invention; 

[0015] FIG. 3 is a schematic cross-section diagram of a 
selectively bonded multi layer substrate in accordance With 
the principles of the invention; 

[0016] FIG. 4 is a schematic cross-section diagram of a 
selectively bonded multi layer substrate in accordance With 
the principles of the invention; 
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[0017] FIG. 5 is a schematic cross-section diagram of a 
selectively bonded multi layer substrate in accordance With 
the principles of the invention; 

[0018] FIG. 6 is a schematic cross-section diagram of a 
selectively bonded multi layer substrate in accordance With 
the principles of the invention; 

[0019] FIG. 7 is a schematic cross-section diagram of a 
selectively bonded multi layer substrate in accordance With 
the principles of the invention; 

[0020] FIG. 8 is a schematic cross-section diagram of a 
selectively bonded multi layer substrate in accordance With 
the principles of the invention; 

[0021] FIG. 9 is a schematic cross-section diagram of a 
selectively bonded multi layer substrate in accordance With 
the principles of the invention; 

[0022] FIG. 10 is a schematic cross-section diagram of a 
selectively bonded multi layer substrate in accordance With 
the principles of the invention; 

[0023] FIG. 11 is a schematic cross-section diagram of a 
selectively bonded multi layer substrate in accordance With 
the principles of the invention; 

[0024] FIG. 12 is a schematic cross-section diagram of a 
selectively bonded multi layer substrate in accordance With 
the principles of the invention; 

[0025] FIG. 13 is a schematic cross-section diagram of a 
selectively bonded multi layer substrate in accordance With 
the principles of the invention; 

[0026] 
process; 

FIG. 14 is a schematic process diagram of the MFT 

[0027] FIG. 15 is a schematic diagram illustrating ion 
implantation for the cleavage force for the MFT process; 

[0028] FIG. 16 is a schematic process How diagram for 
manufacturing a thermoelectric cooler array in accordance 
With the principles of the invention; 

[0029] FIG. 17 is a schematic diagram of a prior art 
implementation of a thermoelectric cooler; 

[0030] FIG. 18 is a schematic diagram of a single multi 
stage thermoelectric cooler in accordance With the principles 
of the invention; and 

[0031] FIG. 19 is an isometric schematic diagram of a 
single thermoelectric cooling array in accordance With the 
principles of the invention. 

DETAILED DESCRIPTION OF THE DRAWINGS 

[0032] The disclosed thermoelectric cooling system dis 
closed in the invention can improve the cooling capability of 
the knoWn thermoelectric microcoolers by dramatically 
increasing the number of thermoelectric couplers in a small 
volume. A good thermoelectric material must exhibit a 
combination of properties that do not exist in conventional 
metals. Desirable thermoelectric materials must exhibit a 
combination of high electrical conductivity of metals and the 
loW thermal conductivity as in insulators. A combination of 
these characteristics is measured by the thermoelectric ?gure 
of merit ZT. The typical ZT ?gure for the best bulk materials 
is about 1. 
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[0033] Thermoelectric coolers made from commercially 
available thermoelectric materials provide, at most, approxi 
mately 70° K maximum temperature difference When the hot 
end remains at ambient temperature. To obtain better per 
formance (larger temperature differences), the thermocool 
ers must be arranged in multistage (or cascaded) con?gu 
ration to advantageously utiliZe multiple thermoelectric 
couplers. 
[0034] Temperature control for microelectronic and opto 
electronic components is typically accomplished With ther 
moelectric (TE) coolers. TE coolers have become essential 
in modern optical telecommunications to control the char 
acteristics of laser sources, sWitching/routing elements, and 
detectors used in Wavelength division multiplexed systems. 
Cooling requirements in microprocessors and other inte 
grated circuits have also risen dramatically in recent years 
due to the increase in clock speed and reduction in feature 
siZe. Generally, as these devices have become denser, 
smaller, and faster, the poWer density has greatly increased. 
Conventional TE coolers are incompatible With integrated 
circuit fabrication processes, and are therefore limited in 
hoW compact they can be manufactured. Thus, current bulk 
TE fabrication processes leads to high packaging costs 
during integration With microelectronic and optoelectronic 
devices. Furthermore, the reliability of packaged modules 
employing a TE cooler is usually limited by the reliability of 
the cooler itself. Therefore, the development of thermal 
control for instruments has shifted from bulk thermoele 
ments to integrated thin ?lm coolers. 

[0035] The greatest advantage of thin ?lm coolers is the 
dramatic gain in cooling poWer density, as it is inversely 
proportional to the length of the thermoelements. Thin ?lms 
on the order of microns should provide cooling poWer 
densities greater than 1000 W/cm2. Several additional meth 
ods have also been explored for thermoelectric cooling such 
as thermionic emission in heterostructures and decreased 
thermal conductivity in superlattice structures. Thin ?lm 
coolers are also advantageous since they can be manufac 
tured in large quantities using Well knoWn integrated circuit 
fabrication techniques. 

[0036] As mentioned previously, a lot of effort has been 
committed to improving the ?gure of merit ZT. Currently, 
the best thin ?lm superlattice thermoelectric devices are 
reported to demonstrate ZT~2.4 at 300 K. Even in poWer 
conversion mode, this kind of device can only provide a 
temperature difference of around 70 K. Multistage thermo 
electric devices is capable of providing much larger tem 
perature difference betWeen hot end and cold end, but 
currently, the fabrication process of multistage thermoelec 
tric devices is too bulky (a feW millimeters) for thin ?lm 
process integration (FIG. 1), and consumes a signi?cant 
amount of expensive thermoelectric materials if the number 
of thermoelectric elements is signi?cantly increased. 

[0037] To enable this multistaging of thermoelectric mate 
rials, an enabling technology is necessary for combining 
various thermoelectric materials in a compact siZe While 
retaining performance. A cost-effective manner of combin 
ing the thermoelectric materials While maintaining compact 
volume in a cost effective manner is massive ?lo-layer 

technology (“MET”). 
[0038] By being able to peel off and transfer thin semi 
conductor layer Without Wasting any materials, thermoelec 
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tric elements in each stage of a multistage thermoelectric 
cooling device could be produced in a very economical, 
compact and dense fashion. Each stage becomes so thin that 
it alloWs more ?exible modulariZation designs for multistage 
con?guration. The signi?cantly reduced thickness of the 
overall multistage structure also enable integration With 
microelectronic and optoelectronic devices. This UDMTM 
(Ultra-Dense Multistage Thermoelectric Micro-cooler) noW 
contains a huge number of thermoelectric elements to pro 
vide much larger temperature difference betWeen the hot and 
cold end While still occupying only a small amount of space. 
Compared to current technology, the MFT approach enjoys 
numerous advantages: 

[0039] Prior to discussion of speci?c formation of these 
three-dimensional integrated circuits, a discussion of the 
starting substrates is presented, as set forth in Applicant’s 
copending US. patent application Ser. No. 09/950,909 ?led 
on Sep. 12, 2001 entitled “Thin ?lms and Production Meth 
ods Thereof.” This substrate, referred to as a selectively 
bonded multiple layer substrate, alloWs for processing of 
multiple chips on a Wafer as is knoWn, but alloWs the chip 
layer of the Wafer to be readily removed, preferably Without 
mechanical grinding or other etch-back techniques. This 
chip layer then may be stacked on another chip layer, as 
described hereinafter, or alternatively, the chip layer may be 
diced into individual chips and stacked. 

[0040] Referring to FIG. 1, a selectively bonded multiple 
layer substrate 100 is shoWn. The multiple layer substrate 
100 includes a layer 1 having an eXposed surface 1B, and a 
surface 1A selectively bonded to a surface 2A of a layer 2. 
Layer 2 further includes an opposing surface 2B. In general, 
to form the selectively bonded multiple layer substrate 100, 
layer 1, layer 2, or both layers 1 and 2 are treated to de?ne 
regions of Weak bonding 5 and strong bonding 6, and 
subsequently bonded, Wherein the regions of Weak bonding 
5 are in a condition to alloW processing of a useful device or 
structure. 

[0041] Generally, layers 1 and 2 are compatible. That is, 
the layers 1 and 2 constitute compatible thermal, mechani 
cal, and/or crystalline properties. In certain preferred 
embodiments, layers 1 and 2 are the same materials. Of 
course, different materials may be employed, but preferably 
selected for compatibility. 

[0042] One or more regions of layer 1 are de?ned to serve 
as the substrate region Within or upon Which one or more 

structures, such as microelectronics may be formed. These 
regions may be of any desired pattern, as described further 
herein. The selected regions of layer 1 may then be treated 
to minimiZe bonding, forming the Weak bond regions 5. 
Alternatively, corresponding regions of layer 2 may be 
treated (in conjunction With treatment of layer 1, or instead 
of treatment to layer 1) to minimiZe bonding. Further 
alternatives include treating layer 1 and/or layer 2 in regions 
other than those selected to form the structures, so as to 
enhance the bond strength at the strong bond regions 6. 

[0043] After treatment of layer 1 and/or layer 2, the layers 
may be aligned and bonded. The bonding may be by any 
suitable method, as described further herein. Additionally, 
the alignment of the layers may be mechanical, optical, or a 
combination thereof. It should be understood that the align 
ment at this stage may not, be critical, insomuch as there are 
generally no structures formed on layer 1. HoWever, if both 
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layers 1 and 2 are treated, alignment may be required to 
minimiZe variation from the selected substrate regions. 

[0044] The multiple layer substrate 100 may be provided 
to a user for processing of any desired structure in or upon 
layer 1. Accordingly, the multiple layer substrate 100 is 
formed such that the user may process any structure or 
device using conventional fabrication techniques, or other 
techniques that become knoWn as the various related tech 
nologies develop. Certain fabrication techniques subject the 
substrate to eXtreme conditions, such as high temperatures, 
pressures, harsh chemicals, or a combination thereof. Thus, 
the multiple layer substrate 100 is preferably formed so as to 
Withstand these conditions. 

[0045] Useful structures or devices may be formed in or 
upon regions 3, Which partially or substantially overlap 
Weak bond regions 5. Accordingly, regions 4, Which partially 
or substantially overlap strong bond regions 6, generally do 
not have structures therein or thereon. After a user has 

formed useful devices Within or upon layer 1 of the multiple 
layer substrate 100, layer 1 may subsequently be debonded. 
The debonding may be by any knoWn technique, such as 
peeling, Without the need to directly subject the useful 
devices to detrimental delamination techniques. Since useful 
devices are not generally formed in or on regions 4, these 
regions may be subjected to debonding processing, such as 
ion implantation, Without detriment to the structures formed 
in or on regions 3. 

[0046] To form Weak bond regions 5, surfaces 1A, 2A, or 
both may be treated at the locale of Weak bond regions 5 to 
form substantially no bonding or Weak bonding. Alterna 
tively, the Weak bond regions 5 may be left untreated, 
Whereby the strong bond region 6 is treated to induce strong 
bonding. Region 4 partially or substantially overlaps strong 
bond region 6. To form strong bond region 4, surfaces 1A, 
2A, or both may be treated at the locale of strong bond 
region 6. Alternatively, the strong bond region 6 may be left 
untreated, Whereby the Weak bond region 5 is treated to 
induce Weak bonding. Further, both regions 5 and 6 may be 
treated by different treatment techniques, Wherein the treat 
ments may differ qualitatively or quantitatively. After treat 
ment of one or both of the groups of Weak bond regions 5 
and strong bond regions 6, layers 1 and 2 are bonded 
together to form a substantially integral multiple layer 
substrate 100. Thus, as formed, multiple layer substrate 100 
may be subjected to harsh environments by an end user, e. g., 
to form structures or devices therein or thereon, particularly 
in or on regions 3 of layer 1. 

[0047] For purposes of this speci?cation, the phrase “Weak 
bonding” or “Weak bond” generally refers to a bond betWeen 
layers or portions of layers that may be readily overcome, 
for eXample by debonding techniques such as peeling, other 
mechanical separation, heat, light, pressure, or combinations 
comprising at least one of the foregoing debonding tech 
niques. These debonding techniques minimally defect or 
detriment the layers 1 and 2, particularly in the vicinity of 
Weak bond regions 5. 

[0048] The treatment of one or both of the groups of Weak 
bond regions 5 and strong bond regions 6 may be effectuated 
by a variety of methods. The important aspect of the 
treatment is that Weak bond regions 5 are more readily 
debonded (in a subsequent debonding step as described 
further herein) than the strong bond regions 6. This mini 
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miZes or prevents damage to the regions 3, Which may 
include useful structures thereon, during debonding. Further, 
the inclusion of strong bond regions 6 enhances mechanical 
integrity of the multiple layer substrate 100 especially 
during structure processing. Accordingly, subsequent pro 
cessing of the layer 1, When removed With useful structures 
therein or thereon, is minimized or eliminated. 

[0049] The ratio of the bond strengths of the strong bond 
regions to the Weak bond regions (SB/WB) in general is 
greater than 1. Depending on the particular con?guration of 
the strong bond regions and the Weak bond regions, and the 
relative area siZes of the strong bond regions and the Weak 
bond regions, the value of SB/WB may approach in?nity. 
That is, if the strong bond areas are suf?cient in siZe and 
strength to maintain mechanical and thermal stability during 
processing, the bond strength of the Weak bond areas may 
approach Zero. HoWever, the ratio SB/WB may vary con 
siderably, since strong bonds strengths (in typical silicon and 
silicon derivative, e.g., SiO2, Wafers) may vary from about 
500 millijoules per squared meter (mj/m2) to over 5000 
mj/m2 as is taught in the art (see, e.g., Q. Y. Tong, U. Goesle, 
Semiconductor Wafer Bonding, Science and Technology, 
pp. 104-118, John Wiley and Sons, NeW York, NY. 1999, 
Which is incorporated herein by reference). HoWever, the 
Weak bond strengths may vary even more considerably, 
depending on the materials, the intended useful structure (if 
known), the bonding and debonding techniques selected, the 
area of strong bonding compared to the area of Weak 
bonding, the strong bond and Weak bond con?guration or 
pattern on the Wafer, and the like. For example, Where ion 
implantation is used as a step to debond the layers, a useful 
Weak bond area bond strength may be comparable to the 
bond strength of the strong bond areas after ion implantation 
and/or related evolution of microbubbles at the implanted 
regions. Accordingly, the ratio of bond strengths SB/WB is 
generally greater than 1, and preferably greater than 2, 5, 10, 
or higher, depending on the selected debonding techniques 
and possibly the choice of the useful structures or devices to 
be formed in the Weak bond regions. 

[0050] The particular type of treatment of one or both of 
the groups of Weak bond regions 5 and strong bond regions 
6 undertaken generally depends on the materials selected. 
Further, the selection of the bonding technique of layers 1 
and 2 may depend, at least in part, on the selected treatment 
methodology. Additionally, subsequent debonding may 
depend on factors such as the treatment technique, the 
bonding method, the materials, the type or existence of 
useful structures, or a combination comprising at least one 
of the foregoing factors. In certain embodiments, the 
selected combination of treatment, bonding, and subsequent 
debonding (i.e., Which may be undertaken by an end user 
that forms useful structures in regions 3 or alternatively, as 
an intermediate component in a higher level device) obviates 
the need for cleavage propagation to debond layer 1 from 
layer 2 or mechanical thinning to remove layer 2, and 
preferably obviates both cleavage propagation and mechani 
cal thinning. Accordingly, the underlying substrate may be 
reused With minimal or no processing, since cleavage propa 
gation or mechanical thinning damages layer 2 according to 
conventional teachings, rendering it essentially useless With 
out further substantial processing. 

[0051] Referring to FIGS. 2 and 3, Wherein similarly 
situated regions are referenced With like reference numerals, 
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one treatment technique includes use of a slurry containing 
a solid component and a decomposable component on 
surface 1A, 2A, or both 1A and 2A. The solid component 
may be, for example, alumina, silicon oxide (SiO(x)), other 
solid metal or metal oxides, or other material that minimiZes 
bonding of the layers 1 and 2. The decomposable component 
may be, for example, polyvinyl alcohol (PVA), or another 
suitable decomposable polymer. Generally, a slurry 8 is 
applied in Weak bond region 5 at the surface 1A (FIG. 2), 2A 
(FIG. 3), or both 1A and 2A. Subsequently, layers 1 and/or 
2 may be heated, preferably in an inert environment, to 
decompose the polymer. Accordingly, porous structures 
(comprised of the solid component of the slurry) remain at 
the Weak bond regions 5, and upon bonding, layers 1 and 2 
do not bond at the Weak bond regions 5. 

[0052] Referring to FIGS. 4 and 5, another treatment 
technique may rely on variation in surface roughness 
betWeen the Weak bond regions 5 and strong bond regions 6. 
The surface roughness may be modi?ed at surface 1A (FIG. 
4), surface 2A (FIG. 5), or both surfaces 1A and 2A. In 
general, the Weak bond regions 5 have higher surface 
roughness 7 (FIGS. 4 and 5) than the strong bond regions 
6. In semiconductor materials, for example the Weak bond 
regions 5 may have a surface roughness greater than about 
0.5 nanometer (nm), and the strong bond regions 4 may have 
a loWer surface roughness, generally less than about 0.5 nm. 
In another example, the Weak bond regions 5 may have a 
surface roughness greater than about 1 nm, and the strong 
bond regions 4 may have a loWer surface roughness, gen 
erally less than about 1 nm. In a further example, the Weak 
bond regions 5 may have a surface roughness greater than 
about 5 nm, and the strong bond regions 4 may have a loWer 
surface roughness, generally less than about 5 nm. Surface 
roughness can be modi?ed by etching (e.g., in KOH or HF 
solutions) or deposition processes (e. g., loW pressure chemi 
cal vapor deposition (“LPCVD”) or plasma enhanced 
chemical vapor deposition (“PECVD”)). The bonding 
strength associated With surface roughness is more fully 
described in, for example, Gui et al., “Selective Wafer 
Bonding by Surface Roughness Control”, Journal of The 
Electrochemical Society, 148 (4) G225-G228 (2001), Which 
is incorporated by reference herein. 

[0053] In a similar manner (Wherein similarly situated 
regions are referenced With similar reference numbers as in 
FIGS. 4 and 5), a porous region 7 may be formed at the 
Weak bond regions 5, and the strong bond regions 6 may 
remain untreated. Thus, layer 1 minimally bonds to layer 2 
at locale of the Weak bond regions 5 due to the porous nature 
thereof. The porosity may be modi?ed at surface 1A (FIG. 
4), surface 2A (FIG. 5), or both surfaces 1A and 2A. In 
general, the Weak bond regions 5 have higher porosities at 
the porous regions 7 (FIGS. 4 and 5) than the strong bond 
regions 6. 

[0054] Another treatment technique may rely on selective 
etching of the Weak bond regions 5 (at surfaces 1A (FIG. 4), 
2A (FIG. 5), or both 1A and 2A), folloWed by deposition of 
a photoresist or other carbon containing material (e.g., 
including a polymeric based decomposable material) in the 
etched regions. Upon bonding of layers 1 and 2, Which is 
preferably at a temperature suf?cient to decompose the 
carrier material, the Weak bond regions 5 include a porous 
carbon material therein, thus the bond betWeen layers 1 and 
2 at the Weak bond regions 5 is very Weak as compared to 
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the bond between layers 1 and 2 at the strong bond region 
6. One skilled in the art Will recognize that depending on the 
circumstances, a decomposing material Will be selected that 
Will not out-gas, foul, or otherWise contaminate the substrate 
layers 1 or 2, or any useful structure to be formed in or upon 
regions 3. 

[0055] A further treatment technique may employ irradia 
tion to attain strong bond regions 6 and/or Weak bond 
regions 5. In this technique, layers 1 and/or 2 are irradiated 
With neutrons, ions, particle beams, or a combination thereof 
to achieve strong and/or Weak bonding, as needed. For 
example, particles such as He+, H+, or other suitable ions or 
particles, electromagnetic energy, or laser beams may be 
irradiated at the strong bond regions 6 (at surfaces 1A (FIG. 
10), 2A (FIG. 11), or both 1A and 2A). It should be 
understood that this method of irradiation differs from ion 
implantation for the purpose of delaminating a layer, gen 
erally in that the doses and/or implantation energies are 
much less (e.g., on the order of l/iooth to l/ioooth of the dosage 
used for delaminating). 

[0056] Referring to FIGS. 8 and 9, a still further treatment 
technique involves etching the surface of the Weak bond 
regions 5. During this etching step, pillars 9 are de?ned in 
the Weak bond regions 5 on surfaces 1A (FIG. 8), 2A (FIG. 
9), or both 1A and 2A. The pillars may be de?ned by 
selective etching, leaving the pillars behind. The shape of the 
pillars may be triangular, pyramid shaped, rectangular, 
hemispherical, or other suitable shape. Alternatively, the 
pillars may be groWn or deposited in the etched region. 
Since there are less bonding sites for the material to bond, 
the overall bond strength at the Weak bond region 5 is much 
Weaker then the bonding at the strong bond regions 6. 

[0057] Yet another treatment technique involves inclusion 
of a void area 10 (FIGS. 12 and 13), e.g., formed by etching, 
machining, or both (depending on the materials used) at the 
Weak bond regions 5 in layer 1 (FIG. 12), 2 (FIG. 13). 
Accordingly, When the ?rst layer 1 is bonded to the second 
layer 2, the void areas 10 Will minimize the bonding, as 
compared to the strong bond regions 6, Which Will facilitate 
subsequent debonding. 

[0058] Referring again to FIGS. 2 and 3, another treat 
ment technique involves use of one or more metal regions 8 
at the Weak bond regions 5 of surface 1A (FIG. 2), 2A (FIG. 
3), or both 1A and 2A. For example, metals including but not 
limited to Cu, Au, Pt, or any combination or alloy thereof 
may be deposited on the Weak bond regions 5. Upon 
bonding of layers 1 and 2, the Weak bond regions 5 Will be 
Weakly bonded. The strong bond regions may remain 
untreated (Wherein the bond strength difference provides the 
requisite strong bond to Weak bond ratio With respect to 
Weak bond layers 5 and strong bond regions 6), or may be 
treated as described above or beloW to promote strong 
adhesion. 

[0059] A further treatment technique involves use of one 
or more adhesion promoters 11 at the strong bond regions 6 
on surfaces 1A (FIG. 10), 2A (FIG. 11), or both 1A and 2A. 
Suitable adhesion promoters include, but are not limited to, 
TiO(x), tantalum oxide, or other adhesion promoter. Alter 
natively, adhesion promoter may be used on substantially all 
of the surface 1A and/or 2A, Wherein a metal material is be 
placed betWeen the adhesion promoter and the surface 1A or 
2A (depending on the locale of the adhesion promoter) at the 
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Weak bond regions 5. Upon bonding, therefore, the metal 
material Will prevent strong bonding a the Weak bond 
regions 5, Whereas the adhesion promoter remaining at the 
strong bond regions 6 promotes strong bonding. 

[0060] Yet another treatment technique involves providing 
varying regions of hydriphobicity and/or hydrophillicity. For 
example, hydrophilic regions are particularly useful for 
strong bond regions 6, since materials such as silicon may 
bond spontaneously at room temperature. Hydrophobic and 
hydrophilic bonding techniques are knoWn, both at room 
temperature and at elevated temperatures, for example, as 
described in Q. Y. Tong, U. Goesle, Semiconductor Wafer 
Bonding, Science and Technology, pp. 49-135, John Wiley 
and Sons, NeW York, NY. 1999, Which is incorporated by 
reference herein. 

[0061] A still further treatment technique involves one or 
more exfoliation layers that are selectively irradiated. For 
example, one or more exfoliation layers may be placed on 
the surface 1A and/or 2A. Without irradiation, the exfolia 
tion layer behaves as an adhesive. Upon exposure to irra 
diation, such as ultraviolet irradiation, in the Weak bond 
regions 5, the adhesive characteristics are minimiZed. The 
useful structures may be formed in or upon the Weak bond 
regions 5, and a subsequent ultraviolet irradiation step, or 
other debonding technique, may be used to separate the 
layers 1 and 2 at the strong bond regions 6. 

[0062] Referring to FIGS. 6 and 7, an additional treat 
ment technique includes an implanting ions 12 (FIGS. 6 and 
7) to alloW formation of a plurality of microbubbles 13 in 
layer 1 (FIG. 6), layer 2 (FIG. 7), or both layers 1 and 2 in 
the Weak regions 3, upon thermal treatment. Therefore, 
When layers 1 and 2 are bonded, the Weak bond regions 5 
Will bond less than the strong bond regions 6, such that 
subsequent debonding of layers 1 and 2 at the Weak bond 
regions 5 is facilitated. 

[0063] Another treatment technique includes an ion 
implantation step folloWed by an etching step. In one 
embodiment, this technique is carried out With ion implan 
tation through substantially all of the surface 1B. Subse 
quently, the Weak bond regions 5 may be selectively etched. 
This method is described With reference to damage selective 
etching to remove defects in Simpson et al., “Implantation 
Induced Selective Chemical Etching of Indium Phosphide”, 
Electrochemical and Solid-State Letters, 4(3) G26-G27, 
Which is herein incorporated by reference. 

[0064] A still further treatment technique realiZes one or 
more layers selectively positioned at Weak bond regions 5 
and/or strong bond regions 6 having radiation absorbing 
and/or re?ective characteristics, Which may be based on 
narroW or broad Wavelength ranges. For example, one or 
more layers selectively positioned at strong bond regions 6 
may have adhesive characteristics upon exposure to certain 
radiation Wavelengths, such that the layer absorbs the radia 
tion and bonds layers 1 and 2 at strong bond regions 6. 

[0065] One of skill in the art Will recogniZe that additional 
treatment technique may be employed, as Well as combina 
tion comprising at least one of the foregoing treatment 
techniques. The key feature of any treatment employed, 
hoWever, is the ability to form one or more region of Weak 
bonding and one or more regions of strong bonding, pro 
viding SB/W B bond strength ratio greater than 1. 
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[0066] Multi-layer devices can be fabricated on a selec 
tively bonded multiple layer substrate is shown. The mul 
tiple layer substrate includes a layer having an exposed 
surface, and a surface selectively bonded to a surface of a 
layer. The layer further includes an opposing surface. In 
general, to form the selectively bonded multiple layer sub 
strate, the ?rst layer, second layer, or both layers are treated 
to de?ne regions of Weak bonding and strong bonding, and 
subsequently bonded, Wherein the regions of Weak bonding 
are in a condition to alloW processing of a useful device or 
structure. 

[0067] Generally, the tWo layers are compatible. That is, 
the layers constitute compatible thermal, mechanical, and/or 
crystalline properties. In certain preferred embodiments, 
layers are the same materials. Of course, different materials 
may be employed, but preferably selected for compatibility. 

[0068] One or more regions of layer are de?ned to serve 
as the substrate region Within or upon Which one or more 

structures, such as microelectronics may be formed. These 
regions may be of any desired pattern, as described further 
herein. The selected regions of layer may then be treated to 
minimize bonding, forming the Weak bond regions. Alter 
natively, corresponding regions of the second layer may be 
treated (in conjunction With treatment of the ?rst layer, or 
instead of treatment to the ?rst layer) to minimiZe bonding. 
Further alternatives include treating the ?rst and/or the 
second layer in regions other than those selected to form the 
structures, so as to enhance the bond strength at the strong 
bond regions. 

[0069] After treatment of the ?rst layer and/or the second 
layer, the layers may be aligned and bonded. The bonding 
may be by any suitable method, as described further herein. 
Additionally, the alignment of the layers may be mechanical, 
optical, or a combination thereof. It should be understood 
that the alignment at this stage may not, be critical, inso 
much as there are generally no structures formed on the 

layer. HoWever, if both layers are treated, alignment may be 
required to minimiZe variation from the selected substrate 
regions. 

[0070] The multiple layer substrate may be provided to a 
user for processing of any desired structure in or upon the 
?rst layer. Accordingly, the multiple layer substrate is 
formed such that the user may process any structure or 
device using conventional fabrication techniques, or other 
techniques that become knoWn as the various related tech 
nologies develop. Certain fabrication techniques subject the 
substrate to eXtreme conditions, such as high temperatures, 
pressures, harsh chemicals, or a combination thereof. Thus, 
the multiple layer substrate is preferably formed so as to 
Withstand these conditions. 

[0071] Useful structures or devices may be formed in or 
upon regions of the substrate, Which partially or substan 
tially overlap Weak bond regions. Accordingly, other regions 
may partially or substantially overlap strong bond regions 
and generally do not have structures therein or thereon. After 
a user has formed useful devices Within or upon the ?rst 
layer of the multiple layer substrate, the ?rst layer may 
subsequently be debonded. The debonding may be by any 
knoWn technique, such as peeling, Without the need to 
directly subject the useful devices to detrimental delamina 
tion techniques. Since useful devices are not generally 
formed in or on Weak bond regions, these regions may be 
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subjected to debonding processing, such as ion implantation, 
Without detriment to the structures formed in or on regions. 

[0072] To form Weak bond regions, surfaces of the mul 
tiple layer substrate may be treated at the locale of Weak 
bond regions to form substantially no bonding or Weak 
bonding. After treatment of one or both of the groups of 
Weak bond regions and strong bond regions, the ?rst tWo 
layers are bonded together to form a substantially integral 
multiple layer substrate. Thus, as formed, multiple layer 
substrate may be subjected to harsh environments by an end 
user, e.g., to form structures or devices therein or thereon, 
particularly in or on Weak bond regions of the ?rst layer. 

[0073] Recent parallel developments in bonding and thin 
ning of silicon Wafers have created a neW, enabling tech 
nology for the transfer of thin layers. Wafer bonding takes 
advantage of a surface that is very smooth, very ?at and very 
clean and therefore can form Van der Waals bonds When 
placed into intimate contact, and that these bonds can be 
converted to strong, atomic bonds With annealing. This 
method of forming a bond Without adhesive is generally 
knoWn as fusion bonding. The surfaces of single crystal 
silicon Wafers are nearly atomically smooth and hence are 
ideal for fusion bonding. It is noW routine to bond semi 
conductor Wafers to each other With a bond strength that 
equals the bulk mechanical properties, and commercial, 
automated cluster tools are available to prepare and bond 
Wafer pairs. HoWever, up until recently, if it Was desired to 
bond a thin layer onto a Wafer, as is done in some silicon 
on-insulator (“SOI”) manufacturing, the bulk of one of the 
bonded Wafers had to be etched or mechanically polished 
aWay. This Was a sloW, expensive and tedious process. 

[0074] A signi?cant advance in thinning technology came 
With the announcement of the “Smart-Cut” process revealed 
in US. Pat. No. 5,374,564 to Bruel. Rather than grinding or 
etching the eXcess silicon, Bruel implanted hydrogen into a 
plane inside the Wafer before bonding to create a plane of 
microcavities. After bonding the implanted Wafer to an 
oXidiZed handle Wafer, cleavage is propagated along the 
implant plane by applying heat or mechanical force. The 
cleavage generates an $01 Wafer by splitting aWay the bulk 
of the implanted Wafer, leaving a thin layer of single crystal 
silicon bonded to the oXidiZed handle Wafer. The remainder 
of the Wafer, Which has been split off, is then re-used as the 
handle Wafer for the next 501 Wafer. The cleavage surface 
is remarkably smooth. To create an implant plane incised the 
silicon Wafer, typical implant conditions for hydrogen are a 
dose of 5><10l6 cm-2 and energy of 120 keV. For the above 
conditions, about 1 micron layer thickness can be cleaved 
from the Wafer. The layer thickness is a function of the 
implant depth only, Which for hydrogen in silicon is 90 
A/keV of implant energy. 

[0075] The implantation of high energy particles heats the 
target signi?cantly. Blistering must be avoided When 
implanting hydrogen by reducing beam currents by a factor 
of 1/2 or more, or by clamping and cooling the Wafer. 
Splitting With loWer hydrogen implant doses has been 
achieved With co-implantation of helium or boron (Smarter 
Cut process). XV While this neW, enabling technology has 
been commercialiZed to manufacture SOI Wafers, there 
remain vast opportunities in 3-dimensional integration of 
microelectronics, in machining microelectromechanical 
devices, in optical devices and more. 
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[0076] Referring to FIG. 14, a summary of the principles 
of the MFT process are shown. In step (1), the depth of ion 
implantation determines the thickness of the desired thin 
?lm. In steps (2) and (3), the selectively bonded structure is 
established betWeen the silicon and the substrate layers. In 
steps (4) and (5), a primary peel-off process produces an 
ultra-thin layer selectively bonded to the supporting sub 
strate. This thin layer is the MFT Wafer. After a high 
temperature annealing process for repairing the surface 
damage caused by ion bombardment, the result is a MFT 
thin layer in step 

[0077] The layer peeling in step (5) may be accomplished 
by cleavage, either by mechanical force, chemical etching or 
ion implantation in the strong bond region. As stated pre 
viously, one method of selective treatment of the Wafer 
substrate is to create a strong bond peripheral region and a 
Weak bond central region on the Wafer. 

[0078] In a preferred embodiment, referring to FIG. 15, 
there is shoWn hoW ion implantation Will be the method in 
creating this crucial cleavage force because it can be applied 
to a rotating Wafer to improve the uniformity and stability of 
this process. Other approaches include chemically etching 
aWay the ultra thin layer above the strong bond region such 
that the rest of the ultra thin layer Will be easy to peel off. 

[0079] Referring noW to FIG. 16, there is shoWn a process 
How diagram for building n-type and p-type thermoelectric 
layers to be bonded together to form thermoelectric cooling 
arrays. In step (1), separate n-type and p-type thermoelectric 
layers are formed. In step (2), a plurality of the thermoelec 
tric layers formed are bonded (or stacked) together. In step 
(3), the resultant structure is sliced vertically to produce a 
layer of synthetic thermoelectric arrays. 

[0080] As a result of the MFT process, both the n-type and 
p-type Wafers can be made very thin (on the order of 
approximately 10 pm). The thin Wafers alloWs for many 
more thermoelectric coolers to be included in the resultant 
structure. 

[0081] In a preferred embodiment, the resultant structure 
is bonded (or stacked) again in step In steps (5) and (6), 
a checkerboard style thermoelectric coupling array is 
achieved When the resultant structure is sliced again. 

[0082] The resulting thermoelectric coupling array is on 
the order of 10 times thinner than the thinnest thermoelectric 
thin ?lm currently available. Accordingly, When the resultant 
structure is used to construct multistage microcoolers, 
Within the same volume, one can ?t in at least 10 times more 
layers of thermoelectric materials. Additionally, the fabrica 
tion process can be integrated into existing integrated circuit 
fabrication processes. Furthermore, expensive thermoelec 
tric material is fully utiliZed When the bonding, stacking and 
slicing processes are completed. 

[0083] Referring noW to FIG. 17, there is shoWn a sche 
matic diagram of a prior art implementation of a thermo 
electric cooler 200 employing a Peltier device. The Peltier 
device 120 is typically fabricated from a thermoelectric 
material. In contrast to most metals that typically exhibit 
both high electrical and high thermal conductivity, Peltier 
materials exhibit very high electrical conductivity and rela 
tively loW thermal conductivity. As shoWn, Peltier device 
120 is connected to a DC poWer supply 170 that provides an 
electric ?eld V and a current I across Peltier device 120. 
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During operation, the Peltier device 170 transports electrons 
from a cold sink 180 to a hot sink 160, in response to the 
electric ?eld placed across Peltier device 120. The desired 
heat transfer is from cold sink 180 at temperature Tcold to hot 
sink 160 at temperature Thot. 

[0084] It Will be understood that thermoelectric cooler 200 
can be incorporated Within a semiconductor substrate or 
MFT Wafer on Which active electronic circuitry can be 
incorporated. First, active electronic circuitry is constructed 
on a Wafer according to a speci?ed design. The electronic 
circuitry can be constructed on the Wafer by a set of standard 
fabrication steps as they are Well-knoWn in the art, up to a 
contact level. A protective surface, such as a thick photore 
sist ?lm, is then put on top of the electric circuitry to provide 
mechanical protection for the electric circuitry. At this point, 
the Wafer should resemble Wafer FIG. 15. 

[0085] Referring noW to FIG. 18, there is shoWn a sche 
matic diagram of the cascaded thermoelectric cooler of the 
present invention. Each layer is constructed of a cold sink 
180 and a heat sink 160 (represented as 190n in the inter 
mediate levels of the thermoelectric cooler). A Peltier device 
120 at each level transports electrons (QLD) from an inter 
mediate sink 190n_1 to another intermediate sink 1901,. Each 
intermediate sink 190n represents a cold sink and a heat sink 
for the immediate level above and beloW the respective 
Peltier device 120. In this manner, the desired heat transfer 
occurs from the ultimate cold sink 180 to the ultimate heat 
sink 160. It Will be understood that although only 4 levels of 
the multistage thermoelectric cooler are shoWn in FIG. 18, 
an arbitrary number of levels n may be built to effect the 
desired heat transfer necessary for the application. It Will 
also be understood that each multistage thermoelectric 
cooler may be arranged in an array (as in FIG. 16) to 
effectively thermoelectrically cool over an array of M><N 
size. 

[0086] It Will be understood that the choice of Peltier 
device material betWeen intermediate levels effects the cool 
ing capability. It Will be a design choice to select a “good” 
thermoelectric material as the Peltier device While reducing 
the number of levels. It Will additionally be a design choice 
to select an inferior Peltier device material While increasing 
the number of levels to effectively provide the equivalent 
thermoelectric cooling effect. For simplicity of manufactur 
ing the voltage ?eld (not shoWn) across each Peltier device 
120 is a constant across each stage. 

[0087] Referring noW to FIG. 19, there is shoWn an 
isometric schematic diagram of the ?nal M><N thermoelec 
tric array With an ultimate heat sink 160 and an ultimate cold 
sink 180. The intermediate levels are not shoWn in the ?gure. 
The arrangement of FIG. 19 shoWs the stacking necessary 
for effective operation. 

[0088] While preferred embodiments have been shoWn 
and described, various modi?cations and substitutions may 
be made thereto Without departing from the spirit and scope 
of the invention. Accordingly, it is to be understood that the 
present invention has been described by Way of illustrations 
and not limitation. 

What is claimed is: 
1. A thermoelectric cooler comprising: 

a multistage thermoelectric cooler, each stage of said 
multistage cooler arranged With a Peltier device inter 
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posed between an intermediate heat sink and an inter 
mediate cold sink, said Peltier device con?gured to 
exhibit a voltage drop. 

2. The thermoelectric cooler of claim 1 Whereby said 
multistage thermoelectric cooler effects heat transfer from a 
cold sink to a hot sink. 

3. The thermoelectric cooler of claim 1 Wherein said 
Peltier device is lead telluride. 

4. The thermoelectric cooler of claim 1 Wherein said 
Peltier device is bismuth telluride. 

5. The thermoelectric cooler of claim 1 Wherein said 
intermediate heat sink of stage n is an intermediate cold sink 
of stage n-1. 

6. The thermoelectric cooler of claim 1 Whereby electrons 
are transferred from said intermediate cold sink to said 
intermediate hot sink. 

7. The thermoelectric cooler of claim 1 Wherein said 
Peltier device is constructed of n-type semiconductor mate 
rial. 

8. The thermoelectric cooler of claim 1 Wherein said 
Peltier device is constructed of p-type semiconductor mate 
rial. 

9. The thermoelectric cooler of claim 1 Wherein said 
cooler is comprised of alternating n-type and p-type semi 
conductor material at each stage of said multistage thermo 
electric cooler. 

10. A thermoelectric cooler array comprised of the ther 
moelectric cooler of claim 1 arranged in an M><N array. 

11. The thermoelectric cooler of claim 1 Wherein each 
stage of said multistage thermoelectric cooler is manufac 
tured by slicing a bonded n-type and p-type thermoelectric 
layer. 
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12. A method of manufacturing a multistage thermoelec 
tric cooler, said method comprising the steps of: 

creating an n-type thermoelectric substrate; 

creating a p-type thermoelectric substrate; 

selectively bonding said n-type thermoelectric substrate 
With said p-type thermoelectric substrate horiZontally; 
and 

slicing vertically said bonded substrate. 
13. The method of claim 12, said method further com 

prising the step of: 

stacking said vertically sliced bonded substrate; and 

vertically slicing said stacked bonded substrate in an 
orthogonal direction to said ?rst vertical slicing step. 

14. The method of claim 12 Wherein said n-type substrate 
is lead telluride. 

15. The method of claim 12 Wherein said p-type substrate 
is lead telluride. 

16. The method of claim 12 Wherein said n-type substrate 
is bismuth telluride. 

17. The method of claim 12 Wherein said p-type substrate 
is bismuth telluride. 

18. The method of claim 12 Wherein said steps are 
repeated for each speci?ed layer of said multilayer thermo 
electric cooler. 


